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Abstract
Mitigating Accumulation of Aeolian Dust Particles on Solar Power Generator Panels
without Using Water
By
Sanjana Das

Dr. Biswajit Das - Examination Committee Chair
Director of Nevada Nanotechnology Center
Professor - Electrical and Computer Engineering
University of Nevada, Las Vegas
Accumulation of dust on solar panels poses a serious problem as it can significantly reduce
light absorption and electrical energy output. Several factors affect the dust accumulation such
as location, dust properties, wind velocity, system orientation, ambient temperature, humidity,
and panel surface properties. Experimental and theoretical studies show that short circuit
current and maximum power output of photovoltaic panels reduce approximately linearly with
dust concentration. Incidentally, the locations with higher solar energy concentrations are also
arid or semi-arid regions with higher dust concentrations. In order to avoid loss in power
output, most PV installations perform periodic panel cleaning with water. Such water
cleaning, in addition to added cost, can be challenging in arid areas that are otherwise ideal
for solar power generation. In addition, the effectiveness of water cleaning varies with the
proximity of the installations to the dust source/location as well as the time of the year.

There have been many efforts to reduce (or eliminate) water cleaning requirements for solar
panels, focusing primarily on dust control and dust remedy many of these are based on
techniques that originated from NASA efforts to develop dust control and remedy systems for
iii

lunar and Mars missions. In these techniques, dust control was typically achieved by making
the solar panel surface more hydrophobic or hydrophilic through surface modification; dust
removal is typically achieved using electromagnetic wave, acoustic wave, airflow or
combinations thereof. Unfortunately, many of these techniques are expensive and may not be
cost-effective for PV energy generation.

Researchers are looking for low-cost technology for solar panel dust control/remediation
using micro- and nanotechnologies. The use of such low dimensional technologies can
provide significant enhancement in dust control and remediation at very low cost. The Nevada
Nanotechnology Center at UNLV has developed non-lithographic ways of generating such
nanostructures as a demonstration of feasibility. In addition, such low dimensional structures
are also suitable for low-cost spray or dip-coating processes. The objective of this thesis is to
study, investigate and develop a nanotechnology-based technique for water-less dust
mitigation on solar panels.

Firstly, in this dissertation, the chemical and physical properties of dust were examined, the
variation of airborne or aeolian dust seasonally for the southwestern US. Secondly, to resolve
the issues related to enhanced cleaning, a cost-effective spray coated, or dip coated
hydrophobic layer of transparent conductive oxide can be applied to modify the solar panel
surface. A low-cost nanostructure-based technology for control and remedial of dust on PV
panels that can be applied through spray or dip coating was developed and studied. With
further studies, this approach can be applied to utility-scale solar plants for effective and lowcost dust control and remedial system for PV panels.

iv

The dust studies and their seasonal data analysis were reported in chapter 2 and 3. Statistical
analysis exhibits that the trend in dust deposition varies seasonally and geographically. The
experimental studies and characterizations form the last two chapters of this dissertation.
FESEM data shows clustering of nanoparticles due to coalescing. The data confirms the
presence of both undoped and doped ZnO respectively. Different tests were being conducted
to test the hydrophobicity and transparency of coated glass panels. The XRD scan pattern for
the ZnO nanoparticles shows preferential (0 0 2) plane growth. The samples were tested for
electrical conductivity, resistivity, and sheet resistance using Van Der Pauw method. The
transparent conductive oxide was doped in order to alter the properties, such as band gap to
further enhance the conductivity and transparency.
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1 Introduction
1.1 Photovoltaic Technology
Clean energy technologies have been increasingly gaining focus on fulfilling the rising demand
for energy across the globe. The potential for harvesting solar energy is promising as solar power
is abundantly available all over the globe. Recently, there has been a growing demand for solar
technologies in commercial, agricultural, industrial and residential applications due to decreasing
unit cost. Common solar energy generation methods use photovoltaic (PV) cells and
concentrating solar thermal power (CSP). Photovoltaics (PV) are electronic devices, which
convert the sun’s electromagnetic radiation directly into electricity. Concentrated Solar Power
(CSP) using sun’s energy in concentrated form heats a fluid that is then used in an engine to
produce power.

Materials researchers all over the world are working towards increasing the efficiency of the
photovoltaic cells significantly, for large-scale commercial implementation. As per Mani [1], the
inherent material property of a photovoltaic system works within an efficiency of 15-20%.

1

Figure 1-1 Efficiency of the experimental solar cell for various technologies measured under standard conditions.
1
This chart has been maintained at the National Renewable Energy Laboratory since 1984.

However, according to the reported data over a period of several years (Since 1976) from NREL,
Figure 1-1 Efficiency of the experimental solar cell for various technologies measured under standard
conditions. This chart has been maintained at the National Renewable Energy Laboratory since
1984.(above) shows the maximum efficiency reported is around 45%. Also, efforts have been

given towards decreasing the overall cost of these photovoltaic systems and cost of their
maintenance over time.

For the past three decades, researchers and laboratories around the world have been working on
increasing the efficiency of these solar cells. However, far less research has been done on
addressing the externalities affecting the utility-scale deployment of solar installations [2].

1

Wikipedia – Solar Cell Efficiency http://en.wikipedia.org/wiki/Solar_cell
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Along with steady research and improvements in solar photovoltaic cell efficiency, it is
important to address the externalities to ensure coherent and reliable performance over time. One
of the very important externalities among them is aeolian dust i.e. airborne sedimentation on the
solar cells over time. Arid or semi-arid regions cover more than one-fourth of world’s area.
These locations also get the highest annual solar irradiation and thus, highly favored for largescale solar installations due to least interruptions from rain or clouds [3]. Incidentally, places like
deserts or arid land are the largest source of aeolian dust. Soiling due to dust and other
sedimentation can degrade the maximum power output of the solar cells by as much as 40% for
sand dust concentration of 1gm/m2 [1,4-5]. Soiling on the photovoltaic panels interfere with the
incident light, which significantly reduces the efficiency of the output power. Current dust
mitigation techniques include washing with a surfactant, cleaning solutions and mechanical
methods and changing the physical properties of the solar panel surface as shown in Figure 1-2
below.

3

Figure 1-2 Manual cleaning of solar panels using de-ionized water and surfactant [6]

1.2 Dust Deposition on Solar Panels
Dust mainly consists of, but not limited to fungus, pollen, human skin, hair, sand, and limestone
etc. The shape and size of the dust particle, intensity, and density of dust deposition affect the
extent of soiling on the panels. Analysis of the fundamental physical and electrical properties of
the dust particle is one of the key goals to dust mitigation techniques.

Hottel and Woertz [7] did some of the preliminary studies on the result of dust deposition on the
output of the solar panels. Their studies disclosed an average of 1% loss of incident light
absorbed due to the collected dust on a 30° degrees tilted glass panel. They reported a maximum
degradation of 4.7%. Few other researchers like Michalsky et al. [8] did more comparative
studies for a reduction in solar power output performance in the northeastern United States.
4

Figure 1-3 Performance of PV module compared under various dust and moisture conditions in (a) Oman, (b) Egypt,
and (c) the United States (Kazmerski et al., 2010) [2]

However, these early studies were performed at locations with a higher rate of precipitation and
humidity. These results cannot be generalized for the effect of dust in semi-arid, arid and desert
regions. Later experiments were also carried out in areas where dust is a prevalent factor. These
dust prone areas include Middle East, Asia, North Africa and the southwestern United States.
Figure 1-3 shows the comparative study of the solar panel’s performance as a function of time.

Multiple researchers have experiments performed under controlled laboratory environment. ElShobokshy and Hussein [9, 10] were among the first few to use “laboratory defined” dust. They
used five varieties of dust, three were limestone based, and others were cement and Carbon.
Cement was used as one of the major components present in the urban building materials and
carbon as one of the major pollutant. The researchers used 1000 W tungsten-halogen lamps that
5

provided around 195 W/m2 on the PV panels as solar simulators. Dust was blown on the clean
panels using dry air, and the particles of dust were allowed to settle down. The soiling was then
inspected under a microscope for uniformity. The dust was then cleaned either by wiping or by
washing. The surface area and the volume of the dust are measured and hence the deposition
surface density is determined. These processes were repeated with different density of various
type of dust.

El-Shobokshy and Hussein [10] determined the three key factors for the dust particles, which
contribute to the solar panel performance deterioration:

1. Composition
2. Size distribution
3. Deposited dust layer density on the panel surface

Later Mailuha et al. [11] showed that the performance of the solar cells in terms output power
significantly decreases when the intensity of the incident light decreases. At relatively higher
power output (700 W/m2) the change in output efficiency is negligible. Yet, for low-intensity
power output (400 W/m2), the output power reduces by a quarter. Figure 1-4 shows the change in
output power as a function of the change in dust thickness.

6

Figure 1-4 PV module power degradation for various solar intensities as a function of dust thickness [12]

In the last 15 years, extensive researches have been conducted to understand dust, its
characteristics and its effect on the solar panel performance. Beyond the boundaries of earth, dust
is a significant problem for our preparation for an interplanetary mission to planet Mars. There is
no way to clean solar panels in the space physically or by washing! The two Viking Mars landers
acquired a lot of information in 1976 along with the potential danger of these extraterrestrial dust
particles. These data showed the need for an alternate cleaning technique to get rid of the dirt of
the panels.
Images sent back from NASA’s Spirit rover in early January 2004 showed very cohesive, “mudlike” dust layers. Power generation for these rovers for extraterrestrial missions solely depends
on solar energy. Dust suspended in Mars atmosphere is can reduce the incident solar radiation
and can emit or absorb thermal radiation. Amount of suspended dust in the Martian atmosphere

7

varies with time of the day and season [12]. The Figure 1-5 below shows the picture from 5th
Martian winter faced by NASA's Mars Exploration Rover (2007) [13]. The dust accumulation
reduced the power supply to the rover and restricted the mobility of the rover.

Figure 1-5 NASA's Mars Exploration Rover (2007) showing dust accumulation during the Martian Winter [13]

Badran [14] did some interesting studies in the test mirror installation for two potential sites in
Arizona, one at 1300 m and another at 2300 m above sea level. He studied the factors limiting
the performance of the Cherenkov telescope at Fred Lawrence Whipple Observatory, Mt.
8

Hopkins, Arizona. After the mirrors were exposed for almost two and half years in the open
atmosphere, the mirrors were cleaned each month using only water. Post cleaning, the mirror did
not exhibit any considerable degradation in their reflectivity. They noticed 5% changes in
reflectivity for the wavelength of 310 nm. The results from both the sites were comparable. The
results suggested that that mirror cleaning at regular interval could minimize the downtime for
the lifespan of the mirrors and coating renewal. For this study, monthly washing using water
proved to be able to prevent significant dust accumulation, drop in reflectivity and kept the
mirrors in good condition.

1.3 Dust Mitigation Approaches
Dust is a major concern for semi-arid, arid and desert locations for PV panels and /mirrors and
installation. These are the region with high soiling density and low precipitation, which can clean
the surfaces naturally by means such as regular precipitation.

Rain can pose a problem with dust mitigation if the rainfall is for a brief duration and light
intensity. During light rain, the rain droplets can collect airborne particulate matter and deposit
precipitated salt residue on the panel surface. Cuddihy [15] described the deposition and soiling
mechanics. Figure 1-6 shows the cementation process in regions with high humidity and heavy
morning dews. The four primary soiling mechanics were [15]:

1. Cementation on the panels by water-soluble salts
2. Deposition of organic materials
3. Change in surface tension
4. Particle energetics
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Figure 1-6 Dust–moisture (water) cementation process (Cuddihy [15]).

Berg’s research conducted at Sandia National laboratory provided supporting data for dust
mitigation studies. His group designed early experiments to evaluate the preventive and
restorative methods [16]. He provided the fundamentals and foundations of dust mitigation
approaches that followed over the next 40 years.

1.3.1 Washing
1.3.1.1 Water:
Water-based cleaning is the most common method of cleaning solar installations. Periodic
cleaning by regular precipitation is a boon to these installations around the world. However, for
the locations where precipitation is not frequent, human intervention must be employed. Regular
cleaning also ensures no coating removal or damage to the thin photo-active film on the PV
panels.
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1.3.1.2 Chemical Solutions:
Effective cleaning solution typically consists of chemicals such as detergents and other cleaning
solutions. Along with cleaning, these solutions also serve the purpose of:

1. Reducing surface tension (surface energy)
2. Cleaning of the deposited cemented dust in highly humid regions (Figure 1-6)
3. Providing a protective coating on the solar installations

Along with implementing regular cleaning, few other factors such as frequency of cleaning, the
angle of installations, the intensity of incident beam plays a big role in overall power output from
these installations.

1.3.1.3 Mechanical Methods:
Strategies for mechanical cleaning methods include:

1. Physically cleaning the panels by wiping away, however, this is not a very efficient way
of cleaning as over time it damages the top coating
2. Forced air flow directed across the surface (Schumacher et al. [17])

Cleaning using directed air flow helps cleaning in small scale, but it is not as effective as
cleaning with water.

1.3.1.4 Preventive Measures:
Breg and others designed early experiments to examine several preventive methods as shown
below [2, 16]:
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Technique

Comment

Stowing

May not be effective especially for fixed-axis arrays

Aerodynamic

Prevention of turbulent eddies and dead spots; special engineering

streamlining

required
Electrical field with a higher voltage applied can help in rejecting the

Electrostatic biasing

surface particles. Effectiveness reduces along with moisture content
(cementation)

Vibrating the surface

Use of ultrasonic vibrations to remove dust particles [18]; damage
potential with the long-term use of techniques (e.g., cracks)

Thermally induced air Boundary type of phenomenon used on astronomical telescopes;
currents

reliability and cost are issues; the potential for damage (“sandblasting”)

Table 1:1 Early designs to examine methods preventing dust accumulation on solar surfaces (reflective and
transmissive)

1.3.1.5 Surface modifications:
Best way to encounter “dust mitigation challenge” is to develop a coating that will prevent dust
from adhering to the solar panel surface in the first place. Over the years, many researchers have
been working towards modifying the glass surface to change the properties that assist dust
accumulation without altering the optical properties. For regions with high humidity, coatings
have been developed which are superhydrophobic. Park et al. [19] examined the use of water
repellant coatings to combat dust and moisture. Recently, some researchers have been using
nanotechnology to modify the surface like a lotus [20]. These superhydrophobic coatings are
generally made up of organic based materials. Their drawback is that they can darken under
prolonged exposure to high level of UV lights [21].
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1.3.1.6 Other Preventive Approaches
Innovative strategy incorporating different techniques to avoid soiling which requires little or no
labor and water for cleaning is the key to design an ideal solar panel. This can be termed as “dry
cleaning” as it does not involve any water. This is of particular interest as our studies on the dust
mitigation and remedy for photovoltaic panels are very significant with respect to the increase in
installation of a solar plant in remote, arid and dusty areas. Nevada is in an unique position both
in terms of abundance in year-long solar flux and potential to harvest it. This approach involves
the use of electricity to generate an electrostatic repulsion between the solar panel and the dust
particles.

Masuda and Aoyoma [22] did some early pioneering work on electrodynamics for particle
control for applications ranging from environmental concerns to medical uses. Later, Biryukov et
al. [21, 23] developed some unique prototype devices to combat soiling issues. With his socalled “Kinnor” system, efficiencies of dust removal above 95% could be demonstrated. He also
found that the cleaning was only effective for dust particles larger than 5µm. The efficiency of
cleaning further decreased for the locations with high humidity.

Mazumder et al. [24] patented their self-cleaning electrodynamic screens (EDS). The problems
experienced by Mars rover project motivated this group to work on this technology. EDS is a
feasible dust mitigation system with preliminary designs requiring a high voltage external power
to terrestrial dust issues. A cross-section of the EDS screen is shown below (Figure 1-7). They
deposited transparent conductive electrodes, 50-100 µm wide and 50 µm high embedded in a
thin dielectric layer and separated by about 1000 µm. A traveling electrical wave with the 3phase voltage energizing the electrodes was generated using the electric field. The charged
13

particles on the surface were lifted off the vertical component of the electrical field and traveling
wave carries the dust particle to the edge of the EDS (2.3.1.1 Electro-Dynamic Screens (EDS)).

Figure 1-7 Cross section of the electrodynamic screen (EDS) (Mazumder et al. [24]

Liu and Marshall [25] demonstrated that different wave frequencies have both particle-to-particle
collision and wall adhesion have a significant influence on the particle transport (Figure 1-8).
The figure shows the movement of a particle along the curtain in surfing mode (SM), (b)
hopping mode (HM), and (c) curtain mode (CM). Computed time variation of tangential velocity
component is shown above ú (left) and height ý (right) of particles for respective each mode.
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Figure 1-8: (a) Movement of a particle along the conductive curtain [25].

The experiment by Liu and Marshall shows that particle transport along a given surface is
affected by collisions at various frequency levels. [25].
Clark et al. [26] reported an electrostatic tool for dust control (“SPARCLE”). This group’s main
focus was lunar expeditions and issues related to lunar and other planetary expeditions. Their
device, made in such a way, weighing less than 5 kg and using less than 5 W powers could be
fitted on a rover easily. It used an electron beam to control the surface’s electrostatic potential.
The application of this device can be extended to uses on earth even though it was manufactured
for extraterrestrial bodies.

All these approaches offer an innovative and strategic approach to dust mitigation issue.
However, it is to be realized that cost is a big issue when we try to implement these technologies
for daily domestic or commercial uses. Advancements in nanotechnology and materials design
are the answer to the cost mitigation problem in the future.
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1.4 Proposed Technique
This project uses nanoparticle arrays of transparent and electrically conducting materials for the
water-less cleaning of solar panels, as shown in Figure 1-9. The surface of the solar panel is
coated with transparent nanoparticle arrays that do not block the incident sunlight. The
nanoparticles are also electrically conducting and can provide a focused electric field on dust
particles deposited on them. The periphery of the solar panel contains conducting electrodes that
provide voltage to the nanoparticles. This project employs a two-pronged approach, first to
significantly reduce dust accumulation on solar panels through surface modification, and, second
to investigate and develop a technique to remove the remaining dust in a simple and costeffective manner.
i)

Modification of solar panel surface by nano-engineering to decrease dust attachment.
Surface texturing of glass is a well-established technique to improve the antireflection
property as well as to reduce dust accumulation. In order for such techniques to be costeffective, non-lithographic fabrication techniques are needed, as lithography is currently
limited to generating micro-scale features. Our analysis showed that nanoscale textures
that are periodic and are of uniform size can significantly improve the antireflection and
dust reduction/self-cleaning properties of the surfaces.

ii)

Electrostatic dust removal by electrostatic sweeping. This project investigated and
developed an effective method to remove the electrically charged dust particles that
accumulate on the panels. The panel surface will be coated with an array of transparent
nanoscale electrodes to electrically charge the dust particles. A sweeping electric field
can be applied to these nano-electrodes to electrostatically sweep the dust particles off
16

the surface of the panels. Such electrostatic sweeping has many advantages over other
techniques such as no moving parts, very low power consumption, low voltage
requirement, and does not involve any physical vibrations. This technique has also many
advantages over the use of electromagnetic waves as it requires much less power and
simpler configuration. The focus of this project was to develop a simple method for
providing the sweeping electric fields that can be easily applied to the solar panels.
Electrostatic sweeping can be carried out periodically through the use of a timer,
feedback loop or on-demand through the use of simple electronics such as a
microcontroller.

Figure 1-9 Transparent conducting nanoparticle arrays on solar panels for reduction in dust particle deposition and
removal.
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2 The Impact and Mitigation of Aeolian Dust for the
Sustainable Generation of Solar Energy
2.1 Introduction
Dust is generally defined as a suspension of solid particles in a gas. A deposition of such
suspended solid particles may also be termed as dust. Generally, dust particles are smaller than
100 µm. Dust particles larger than 20 µm usually settle down quickly, whereas dust particles
with sizes smaller than 10 µm can be transported over long distances, carried by wind and
clouds. Dust consists of such material as cosmic particles, sediments, soil, clay, sand, pollen,
volcanic ashes, organic matter and eroded limestone. In particular, atmospheric dust consists
mainly of particles arising from the deflation of soil and depositions from the upper continental
crust (UCC) and are usually larger than 2 µm. Such dust particles consisting of mineral
particulate matter (PM) in the wind caused by erosion of the UCC is typically referred to as
‘aeolian dust’. Major sources of aeolian dust occur in semi-arid and arid regions, which cover
roughly one-third of the net global land area [1].

Aeolian dust can travel thousands of miles before settling down as deposits. Wearing away of the
UCC and the deposition of the aeolian dust have severe ecological and economic consequences.
Grantz et al [2] studied the effects of dust PM accumulation on the biodiversity of the ecosystem.
In addition, aeolian dust causes air pollution, damage to young plants and damage to sensitive
scientific field instruments. The adverse effects of aeolian dust also include a reduction in
efficiency and damage to installed solar panels, solar mirrors, and concentrated solar power
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(CSP) installations, especially in semi-arid and arid regions. In addition, Aeolian dust can have
some serious consequences on the combat weapons and engines in a battlefield [3].

In spite of much evidence of the effects of dust, very little is known about the composition of
dust with respect to their geological location. The chemical composition of dust varies with
geographical location, the season and the origin of the dust particle. Therefore, it is important to
study aeolian dust in order to understand its origin, deposition rates, and global wind patterns.
The National Oceanic and Atmospheric Administration (NOAA) keeps records of the past wind
patterns and use software to forecast future weather patterns. Utilizing these historical wind
patterns, Falkovich et al [4] demonstrated that dust could be backtracked to the origin of the
parent rock by using wind models that show the origin of the aeolian dust. The authors also noted
that the dust samples mainly were aggregated with other particles instead of with pure minerals.
Kenneth Pye [5] summarized the main components of aeolian dust as a combination of quartz,
calcite, feldspar, mica, dolomite, kaolinite, chlorites, smectite, clay, heavy oxide, gypsum, halite
and inorganic and organic material. The dust particle size, mineral composition, and deposition
rates vary with geographical location. Coarse-grained dust mainly consists of quartz, feldspar
and carbonate materials; in contrast, fine grain dust, which can be carried by the wind for longer
distances, is composed of mica and clays. Dust mobilizations mainly are initiated by natural
sources and are related to the environmental conditions. Paleoclimatic studies are affected by
changes in the aeolian dust for example; David [6] showed that studies of paleoclimate records
have linked atmospheric dust in deep underwater sediments with global wind cycles and aridity.

The University of Nevada, Las Vegas (UNLV) is a member of a program supported by the
National Science Foundation called NEXUS in Nevada, whose objective is to investigate and
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achieve water-efficient and environmentally friendly solar power generation [7]. As a part of this
project, the authors are developing the technology for water-less cleaning of solar panels; this
research team believes that this technology could have an important effect on solar energy
generation.

Currently, the most widespread practice for dust removal from solar panels is cleaning with
water. Unfortunately, regions with a high concentration of solar energy also are quite arid,
making water cleaning costly and complicated. In addition, it has been observed that one of the
adverse effects of current techniques to clean solar panels is that it can significantly reduce the
life spans of the solar panels due to wear and tear; thus, affecting the economics of solar energy
generation.

A waterless cleaning technique being developed at UNLV involves charging and removing dust
particles by electrical means. The small amount of electrical power used is obtained from the
solar panel itself. Because aeolian dust plays a significant role in semi-arid and arid regions, a
study was undertaken to develop better understand the properties of such dust particles in order
to facilitate more efficient charging and manipulation of the dust particles. This study
summarizes the results of this study. The authors hope that the broader dissemination of these
results can help enhance an understanding of dust properties, which might lead to improved
cleaning methods and increased useful lifespans of solar panels. In addition, one of the objectives
of this survey is to provide significant insights that could be used to develop a decision-making
framework regarding where to locate installation sites for solar-power plants depending on sitespecific characteristics of aeolian dust.
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2.2 Aeolian Dust
2.2.1 Properties of Aeolian Dust
The scientific study of aeolian dust dates back to 1781 when Dobson [8] reported the case of
poor visibility due to the dusty Harmattan wind between Cape Verde and Cape Lopez off
western Africa. In 1846, during his voyage in H.M.S Beagle, Charles Darwin [9] studied the fine
dust deposited in his vessel, compared it carefully to the direction of the wind during the dust
depositions and linked its origin to the west coast of Africa. Some early studies by Udden [10],
in 1896, examined the areal extent of various dust storms in northern America. In a combination
of laboratory and field studies, he estimated the amount of aeolian dust carried by the atmosphere
with respect to the wind velocity. In 1898, Udden [11] published the results of his investigation
on dust composition and particle sizes. Fett (1958) compiled much of the early work on dust
deposition in his review paper [12].

During the 1970s, NASA initiated laboratory-based research on dust deposition as aeolian dust
plays a major role in the atmosphere of Mars and Venus. Iversen et al [13] performed
experiments with wind tunnels with low air density to understand the motion of dust particles by
wind. The experimental data were interpolated for interplanetary missions to both Mars and
Venus by changing the atmospheric pressure as one of the variables.

Aeolian dust is omnipresent. Finer dust particles (<10 µm) can be transported for thousands of
miles, whereas larger particles generally have a local source of origin. The mineral composition
of these aeolian dust particles depends on their location of origin. Prospero et al [14]
demonstrated experimentally that the prominent dust sources around the world are situated
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between 15o N and 45o N, a region known as the global dust belt. Other less dominant sources of
dust are situated in semi-arid and arid regions in the world.

Figure 2-1 Global distribution of major dust sources, using total ozone mapping spectrometry (Prospero et al [14],
copyright permission granted by Review of Geophysics).

The authors investigated the locations of active dust sources globally and the reasons for those
locations to be prominent sources of mineral dust. Figure 1 depicts all the major dust sources
across the globe and highlights the sources that, for a given specific duration, best represent the
long-term distribution frequency of aeolian dust. The data were collected using a Total Ozone
Mapping Spectrometer (TOMS) sensor on the Nimbus 7 satellite over a period of 13 years (1980
- 1992) [14]. The dust pattern shown in this figure does not represent any specific month or year;
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rather, it is a cumulative average of the 13-year data set. Prospero et al [14] demonstrated that
TOMS sensors on the Nimbus 7 satellite yielded data that could help to map the distribution of
mineral dust emitted from the remote sources in arid regions (Figure 2-1).

Goudie [15] demonstrated that dust-storm frequency was greatest for regions having an annual
rainfall between 100 mm to 200 mm. He stated that the intensity of aeolian dust was very
seasonal because wind patterns change globally with each season, as also does the net dust
transport. Along with the variation in the amount of mineral dust being transported seasonally,
the amount of pollen, organic matter and biomass vary as well. For example, Spring in the
southwestern U.S. is dominated by high pollen content, leading to modification of the dust
composition in that region. During summer, a large amount of dust is being transported across
the Atlantic from the Sahara Desert. In addition, dust from the Gobi Desert travels across the
Asian continent and the Pacific Ocean to Japan and Hawaii. This seasonal variation can be used
to study dust deposition models more efficiently.

Lawrence [1] assembled the deposition rates of aeolian dust based on their particle size and
distance from the source, as shown in Error! Reference source not found.. Zhang et al [16]
compiled experimental data showing that dust deposition rates can go as high as 450 gm/m2/year
for locations that are closest to the source of dust. The data were collected from 12 different
sites in nine major deserts in Northern Chinese deserts.
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Deposition
class

n

Distance from the
source (Km)

Local

11

Regional
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Deposition Rate

Particle size

g m-2yr-1 (mean)

% of Clay, Silt, Sand

0-10

50-500 (200)

20, 50, 30

10-1000

1-50 (20)

25, 60, 15

Primary

25-50

Secondary

1-25

Global

13

>1000

0-1 (0.4)

30, 70, 0

Table 2:1 Deposition Rates of Aeolian Dust Based on Particle Size and Distance from the Source (copyright
permission granted from Chemical Geology for Lawrence [1])

2.2.2 Mathematical Modeling of Aeolian Dust
Over the last several decades, there have been significant efforts to develop realistic
mathematical models to understand and predict aeolian dust deposition Lawrence [1]. The
models were based on multiple variables that control the deposition of aeolian dust, including
wind velocity, wind patterns, sources of dust emission, geological location, aridity, precipitation,
weather, the condition of the upper continental crust (UCC) and the lithology of the surrounding
rock formations. These variables were combined with the temporal and spatial distribution of
dust sources and wind circulation models from the National Oceanic and Atmospheric
Administration (NOAA). The TOMS sensors on the Nimbus 7 satellite collected real-time data
on dust movement across various continents. These mathematical models were validated by
comparing the data with real-time data and experimental observations. After completing multiple
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trial-and-error methods, the standard deviation of a mathematical model could be determined to
compare fairly accurately between observed and simulated data.

Using a proper feedback loop, the predictive dust models can be improved over time. While
these models can accurately predict dust emission for a given location, they may be unable to
perform well for a global dust model [1]. Paul et al [17] studied the global distribution and
transportation of dust using the Global Ozone Chemistry Aerosol Radiation and Transport
(GOCART) model, developed by Georgia Institute of Technology and NASA’s Goddard Space
Flight Center. GOCART uses surface wind speed and humidity as the variables for tracking dust
movement. The researchers compared the model’s output with observed experimental data and
data from satellites over a period of five years for 18 sites across the globe. Some of the sites
were located very close to the location of the dust’s origin. The GOCART model was able to
predict effectively the dust emissions with respect to seasonal variation when compared to
observed data from the ground. A few years later, a detailed study by Ginoux et al [18] reported
that North America received twice as much dust originating from other continents, such as North
Africa and Asia compared to other continents. Figure 2-2 compares a TOMS absorbing aerosol
index from the Nimbus 7 satellite and the simulated data from the GOCART model.
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Figure 2-2 TOMS absorbing aerosol index (left) compared to data from a GOCART model (right) when tracking the
development of a dust plume over the North part of Atlantic (Ginoux et al [18], copyright permission granted by the
Journal of Geophysical Research).

Fairline et al [19] studied the effects of mineral dust transport in the United States. It was
observed that the influence of dust from Asia was much more prominent in winter over the
western United States than during Summer or Fall. The authors used four different dust
prediction models in their study and conducted a comparative analysis. Figure 2-3 shows the
study of fine dust (<2.5 µm) over the United States in 2001 [19].
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Figure 2-3 Annual mean surface concentrations (μg m−3) of fine dust (<2.5 μm) using model IMPROVE, GOCART,
DEAD, and combined data mapped over the model grid. (Fairline et al [19] copyright permission granted by
Atmospheric Environment).

Fairline et al [19] also studied global dust distribution by comparing the emission of dust with
wet and dry depositions. As seen in Figure 2-4, Asian countries received more wet depositions
annually, while North America had more dry depositions [19]. Dry depositions mostly are
located near the ‘hot spot’ sources or else near the origin of the dust.
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Figure 2-4 Annual dust distribution worldwide in 2001 (Fairfield et al [19], copyright permission granted by
Atmospheric Environment).

Hu et al [20] used a predictive dust analysis algorithm, using multi-spectral channels of the
meteorological geostationary satellite, FY-2C, used by China to predict dust over Chinese
deserts. The observed data from this satellite were compared with simulated data to improve the
forecasting accuracy of aeolian dust deposition in Asia.

2.2.3 Effects of Aeolian Dust on Solar Energy Generation
Clean-energy technologies have gained global attention to fulfill the rising demand for energy
across the globe. The majority of technologists currently seem to focus on increasing the
efficiency of solar panels, as shown in Figure 1-1 (above). In comparison, far less investment and
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research have been conducted to address the externalities faced while maintaining the solar
installations. Aeolian dust deposition is one such externality, which can reduce the efficiency of
these solar power installations. Dust deposition on solar panels reduces the transmissivity of the
glass and in the case of concentrated solar power (CSP); the dust depositions reduce the
reflectivity of the mirrors. Solar power installations are more common in the semi-arid and arid
regions due to the abundance of solar irradiation.

The average annual insolation is quite high in the semi-arid and arid regions. For example, the
values of solar irradiation for several desserts are as follows [21]:
•

The Sahara Desert (Africa), 2685 kWh/m2/yr;

•

The Great Sandy Desert (Australia), 2343 kWh/m2/yr;

•

The Thar Desert (India), 2179 kWh/m2/yr;

•

The Sonoran Desert (U.S.), 1995 kWh/m2/yr;

•

The Negev Desert (Israel), 1939 kWh/m2/yr;

•

The Gobi Desert (China), 1701 kWh/m2/yr.

Mani et al [23] provided a chronological account of the research on the effects of dust deposition
on solar energy generation and showed that there was very little research conducted between
1940 and 1990. The authors reviewed various dust mitigation techniques based on different
climate zones and transmittance vs. tilt-angle comparisons. Their study showed that even though
research on dust patterns predate the 17th century, research related to the effects of dust
deposition on solar energy generation only began a few decades ago.
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Data on the mean annual global dust deposition vary from almost zero to 450 g/m 2/yr [22].
Southwestern regions of the United States have dust deposition rates ranging from 11 to 54.5
g/m2/yr, with the highest deposition rates being 30 g/m2/yr in Southern California. In the Middle
East and Northern Africa, the average rate of annual dust deposition is 132 g/m 2/yr in the Negev
Desert, with an average annual deposition rate is 60-120 g/m2/yr [23]. In the Southwestern
United States, especially in the Mojave Desert, almost one-third of the deposition is aeolian dust
with a particle size less than 20 µm [24].

Dust deposition can affect solar energy generation significantly. In the United Arab Emirates
(UAE), the transmissivity of solar panels decreases by about 10% per month during summer and
by about 6% per month during winter [25]. About a 70% reduction in the performance of solar
panels performance was detected after they were exposed to dust without being cleaned for an
entire year. Al- Hasan [26] studied the degradation in transmission as the deposition density
increased, with no change in wavelength (see Figure 2-5).
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Figure 2-5 Degradation in the transmission of light in a solar panel as the deposition density increases (Al-Hasan
[26] copyright permission granted by Solar Energy)

The dust deposition also is dependent on the tilt angle of the solar panels, which can be
optimized experimentally to obtain the maximum solar irradiation and to reduce dust deposition.
Usually, the frequency of solar panel cleaning is based on the time-dependent degradation of the
data collected for solar panels [27]. However, as the amount of dust deposition varies with global
geographical location, the frequency of cleaning must be adjusted to the location as well. The
frequency of cleaning should be based on need rather than on fixed periodic intervals. For
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example, the panels need to be cleaned after a dust storm, but not after a heavy rainfall. A
feedback loop can automate the cleaning mechanism, or at least provide an idea on when to clean
the dust deposition on solar panels.

In arid and semiarid regions, dust particles may get charged once they are exposed to the solar
panels. As the surfaces of these panels are nonconductive, charges arise due to friction or due to
Van der Waal’s force when aeolian dust comes in contact with the solar panels. Charged dust
particles result in the coalition; with an increased rate of coalescence, the removal of dust
becomes even trickier. Surface enhancement of these solar panels can reduce the rate of dust
deposition due to coalescence.

High humidity and light precipitation can aggravate the situation of dust deposition. In that case,
the dust forms mud, which upon drying becomes even harder to remove. These mud spots
degrade the performance and can harm the top anti-soiling coating as well. Cuddihy [28] studied
the effects of the dust-soiling mechanism on the surface, as shown in Figure 1-6. Specifically,
this figure illustrates the soiling process on solar panel surfaces. The presence of organic matter
and high humidity coat the surface, making it much harder to remove the dust. The nature of this
type of dust particle deposition depends on the geographical location of the installation and the
chemical composition of the PM.

Multiple research groups [29-31] have investigated wind tunnel simulation and the aerodynamic
(Stokes law) effect of the dust deposition, exemplified by Figure 2-6 and Figure 2-7.
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Figure 2-6 Reduction in solar intensity (left) and fill factor [30]

Figure 2-7 Normalized reduction in solar intensity (left) and fill factor (right) [30]

It is quite fascinating to see the overlap of the geographical location on these four maps (Figure
2-8). The locations that have high solar insolation in semi-arid and arid regions also are locations
with higher rates of dust deposition. Hence, the fundamental study of aeolian dust and its
mitigation technique are required. Figure 2-9 shows the solar photovoltaic potential, annually,
for the United States [34]. It is quite clear from this figure why the Southwestern United States is
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considered a good location for solar power installations.

Figure 2-8 This illustration shows world maps, highlighting a) the location of the major photovoltaic installation
First Solar project sites around the world [32], b) the distribution of global solar insolation Solar GIS - 2013 Geo
Model Solar [34], c) the rates for global aeolian dust deposition rates [1] and d) and the main CSP installations
around the world [33].

38

Figure 2-9 Photovoltaic Solar potential in the United States [34].

2.3 Dust Properties and Mitigation for Solar Energy Generation
2.3.1 Mitigation of Aeolian dust
At present, the most effective way to clean solar panels is by manually cleaning them with water.
The initial capital cost of purchasing tools for manual cleaning is very low; however, a
significant amount of water is needed to rinse and wash the PV panels. Even though the
operational cost of water cleaning is quite low, the real cost can be high as access to water in
semi-arid regions is often limited. Currently, the southwestern United States is suffering from a
multi-year drought (Figure 2-10 [35]) and the world’s largest CSP installation is located in that
area.

39

Figure 2-10 Multiyear record-breaking droughts in California (2011-2015) [35].

Multiple other techniques for dust mitigation also have been investigated. Modifying the surface
of the solar panels to reduce the surface tension works for solar power installations in regions
that receive a significant amount of precipitation annually. However, repeated manual cleaning
may cause some irreversible physical damage to the panels; therefore, surface modification and
anti-soiling coating can be considered to avoid any damage. Table 2:2 shows a various method of
cleanings, the cost, and the potential for physical damage to the panels and availability [36].
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Factors
Initial cost
Water use
Labor cost
Physical damage

Manual
cleaning

Mechanical
cleaning

In-built hydraulic
systems

Robotic cleaning
system

Low

High

Med

Med

High

Med-High

Very High

Low

Very High

Lower

Low

Med

High

Med-High

Med-low

Med-low

Table 2:2 Comparisons of restorative cleaning techniques

Another passive method of cleaning involves modifying the surface of the solar panels or CSPs
in order to make the surface highly hydrophobic or hydrophilic. Vasiliev et al [37] demonstrated
an enhancement of the self-cleaning method in which ultrasonic cleaning with water could be
implemented in places that have heavy rainfall. Even though this method does not remove fine
particles, it can make water-assisted cleaning of solar panels more efficient. However, surfacemodification methods work in regions of high rainfall but cannot be implemented in arid or
semi-arid regions where rainfall is scarce and areas facing severe water shortages.

At present, a research team at the Oakridge National Laboratory is working on an experimental
coating system to increase the hydrophobicity of a solar panel surface to mimic the surface of a
lotus leaf, as shown in Figure 2-11 [38]. In this project, which is funded by the U.S. Department
of Defense (DOD), the coating significantly increases the hydrophobicity of the solar panel’s
glass surface, leading to a very high contact angle for water. In this way, after a rainfall, moist
dust particles or drops of water cannot stick to the solar panel surface.
41

Figure 2-11 Hydrophobic coating on solar panels for dust prevention for a DoD project at Oak Ridge National
Laboratory [38].

NASA also undertook an advanced study on dust mitigation for solar panels for interplanetary
space missions, when they realized that dust was a critical problem for Mars missions, starting
with Viking I Mars lander in 1976. The major energy source of all the Mars rovers were PV solar
panels and existing cleaning techniques were not appropriate for such missions. During the
1970s, some investigations focused on the use of an electric field to prevent dust deposition on
solar panels. According to Mazumder [39], Masuda and Aoyoma worked on a dust mitigation
system by using electric dynamic field pulses. A few decades later, this technology was
developed further and modified for use in interplanetary missions as well as for solar panel
installations [39]. Another DoD-funded project, led by Mazumder [40], demonstrated the use of
electro-dynamic screens (EDS) for dust removal. In EDS, the transparent electrodes are
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embedded below the glass surface and a series of directional electrical discharge provide a
traveling electromagnetic wave on the glass surface to remove the dust (Figure 2-12).

Figure 2-12 The working principle of an Electrodynamic Screen EDS [40].

2.3.1.1 Electro-Dynamic Screens (EDS)
EDS is a very innovative technique for dry cleaning and can be modified in the future for other
technologies. However, EDS technology comes with a few shortcomings. First, EDS does not
work in a non-dry climate. The efficiency of this dry-cleaning system decreases with an increase
in humidity and will not work in regions with high precipitation. Second, EDS does not work for
particulate matter (PM) of sizes smaller than 10 µm, where the Van der Waals forces become too
prominent. Third, in order to implement a technology such as EDS in large-scale solar
installations, the cost of implementation relative to the cost of current cleaning methods must
compare favorably [40]. A detailed investigation of the various cleaning techniques shows that
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one specific cleaning method cannot be implemented universally. Variation in such factors as
humidity, location and elevation might require a different approach to cleaning. In addition, as
the geographical location changes, the properties, size, chemical composition and structure of the
aeolian dust also changes. Hence, it is hard to implement a ‘one size fits all’ approach.

2.4 Effects of the Mineral Content of Dust on Solar Power Generation
In studying the average concentration of the mineral composition of dust from the deserts in
China, Zhang [41] developed one set of data during periods of dust storms and another during
periods without dust storms. Zhang’s study is fundamental to understanding the mineral
composition of aeolian dust. Specifically, Zhang noticed that the presence of certain alkaline
earth materials could have an adverse effect on the solar installations. In addition, the presence of
these alkaline earth materials is location-specific to the source of origin of the dust.

The alkaline materials degrade the hydrophilic surface coating and reduce its reliability beyond
the estimated lab-tested lifetime. The change in surface texture makes it much harder to clean the
surface with just water, which leads to changes in the refractive index of the coating layer. Once
the refractive index varies over the surface of the solar panel, the incidence of photon-energy
conversion will be uneven. According to the source of the dust, the geological location and the
history of the origin of the parent rock, the panel surface can be modified to resist degradation of
the surface coating [42]. However, these modifications vary with the location of the PV
installations.

A self-cleaning hydrophilic surface coating on the solar panels can be modified by using a
mineral composition database for the dust. Because of the mineral contents are specific to a
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particular geographical location, the change in the self-cleaning coating can prevent surface
corrosion from alkaline earth materials. The aeolian dust also can get deposited as wet
depositions, which are associated with rain and snow. Local precipitation is one of the ways to
remove clay-sized particles from the atmosphere [43]. Precipitation falls on the dusty solar
panels or CSPs and forms muddy patches. Upon drying, the mud becomes quite hard to remove.
Typically, Van der Waals forces govern the adhesion of dust particles with the solar panels.
However, Yilbas et al [44] explored a modification of this adhesion force because of the
cohesive effect of crystallized dust (i.e., the dried mud solution) due to the presence of high
humidity. They found that surface bonding became stronger as dry mud crystallized on the panel
surface.

A five-year study (1984-1989) by Reheis and Kihl [45] in the Mojave Desert on deposited dust
revealed the composition to be 8% - 30% carbonates and 0.1% - 6.6% of gypsum; the rest were
soluble salts and organic matter. These data, which was collected from the deserts of Nevada and
California in the southwestern U.S., provides insights into the weather, effects of climate change
and transportation history of the dust. In addition, the study indicated the composition of UCC in
that location during that five-year period. The biomass content in aeolian dust changed with the
seasons. The aeolian dust had a high content of burnt materials after forest fires, Further; the
pollen content is very high during the spring (the flowering season) in both California and
Nevada.
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2.5 Conclusions
Aeolian dust is one of the primary agents for soiling of solar panels; over time, this type of dust
reduces the energy conversion efficiency and can lead to considerable damage to the panels. To
best understand the adverse effects of aeolian dust, it is essential to understand the different
variables related to it. This review has provided the properties of aeolian dust with respect to
their origin, sources, transportation, geographical distribution and changing the seasonal pattern.
Over time, the wearing away of the UCC combined with the wind patterns distribute the Aeolian
dust over thousands of miles. Based on the geological location of origin/source, the composition
of these dust particles varies and so does their effects.

The chemical composition of the dust bears a resemblance to the composition of the UCC.
Regions with aeolian dust containing a high amount of alkaline earth materials can react with a
coating on the solar panels in presence of humidity and can cause pitting [42, 44]. Regions with
high humidity get dew and condensations on the panels, which promote dust accumulation on
flat surfaces. Subsequently, evaporation reinforces dust adhesion; in fact, sometimes it forms a
solid, packed cement-like composite. For solar installations in arid regions on Southwestern
U.S., the panels require regular cleaning using deionized water due to lack of natural
precipitation. In places with annual average precipitation, aeolian dust combined with rainwater
can create mud on the solar panels. On drying, these mud patches become extremely sticky to the
solar panels and make cleaning even trickier.

The major active sources of mineral dust are situated along the global dust belt, which extends
from 15˚ N to 45˚ N. Researchers have used satellites like Nimbus 7, equipped with TOMS
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sensor to study the Aeolian dust over a period of 13 years. Using this sensor, they could monitor
the change and movement in dust patterns over the different continent. The frequency of a dust
storm is seasonal and varies with the annual precipitation. This seasonal variation must be taken
into account while studying the dust deposition models. The global model for dust evaluation
must be used with caution as most of the models accurately predict aeolian dust emission locally
but perform poorly on a global scale. North America receives more dry dust depositions, while
Asia receives more wet dust depositions.

The average estimated lifetime of a solar panel is 25-30 years. This projected life-cycle time is
based on lab testing and reliability performance, which does not take into account degradations
caused by regular physical cleaning. Restorative dust mitigation approaches were adopted over
time and include washing the solar panels with water and surfactant-based solutions. Later,
automated water cleaning systems, such as water trucks with sprayers, were implemented.

The restorative approaches are very effective in keeping the solar panels clean. However, these
approaches require a continuous supply of a large amount of deionized water. Based on the
geographical location of the solar panel installations, the effectiveness of various restorative
approaches depends heavily on the availability of water. Incidentally, many of these techniques
are very expensive and may not be cost-effective for large-scale PV power installations. While
restorative approaches to clean solar panels are quite popular, various preventive measures have
been developed over last decade to keep panels dust free.
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3 Temporal and Geographical Variation of Dust Deposition
on Solar Panels in the Southwestern U.S.
3.1 Abstract
Solar energy promises to play an important role in meeting future global energy demand. The
rising popularity of solar-energy generation was aided by a reduction in the cost of solar
installations. The deposition of airborne or aeolian dust can reduce the efficiency of solar
installations by as much as 30% in semi-arid and arid regions; however, the concentration of
solar irradiation is higher in these regions. Most utility-scale solar power installations use water
to remove the dust particles from panel/mirror surfaces, which can be quite expensive. In
addition, the effectiveness of water cleaning varies with the proximity of the installations to the
dust source/location as well as the time of the year. Thus, it is important to study, characterize,
and understand the effects of dust deposition towards the development of better strategies for
dust mitigation for current and future utility-scale solar installations. In this study, we present the
results of our investigations of the physical and chemical properties of dust deposition in 12
different strategically important regions in the southwestern U.S. Seasonal variation of the
concentrations of dust particles of different particulate sizes, as well as their chemical
compositions, were studied and compared with experimental data on locally obtained dust
depositions. This study will help in further research and development of an optimum dust
removal strategy for solar energy generation.
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3.2 Introduction
Clean renewable energy promises to fulfill an ever-growing global demand for energy. Out of all
the available renewable energy sources, solar energy generation has experienced an annual
growth of 68% in the last decade. Since 2011, the market has seen a 70% reduction in the cost of
solar installations, which has aided the growth and popularity of solar-energy generation [1]. The
concentration of solar irradiation is higher in semi-arid and arid regions, primarily situated
between 15o N and 45o N, which unfortunately is also the ‘global dust belt’ [2]. Airborne dust,
geologically known as the aeolian dust, consists of suspended particulate materials (PM) in the
air, the depositions of which can reduce the efficiency of solar installations by as much as 30% in
semi-arid and arid regions. Thus, it is critical to study, characterize, and understand the effects of
dust deposition for current and future utility-scale solar installations. Characterization of the
local dust and airborne PM can help future research as well as the development of better
strategies for dust mitigation. Moreover, the deposition of dust and PM on solar panels not only
reduces the efficiency of the panels but also interacts with the surface material itself; this can
reduce the lifetime of these panels significantly compared to the recommended industry standard
[3]. When these extremities are interpolated for large-scale utility facilities for solar power
generation, the effects of dust deposition increase exponentially.

Most utility-scale solar power installations use water to remove the dust particles from the panel
and mirror surfaces. An inexact yet very important factor is the determination of the cleaning
schedule. Economically, when cleaning is done just a few days before a heavy rain results in a
very low return on investment (ROI). In fact, locations receiving frequent and heavy rain do not
require regular manual cleaning. However, locations with infrequent rains or sprinkles, followed
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by aeolian dust and PM deposition, can worsen the soiling problem in semi-arid regions. The
effectiveness of water cleaning varies with the proximity of the installations to the dust source/
location and the time of the year. The soiled solar panels are cleaned with water and surfactants;
in addition, the cleaning is done after dusk and before dawn to avoid any downtime. However,
even though the initial capital costs are low, cleaning with water involves a high amount of
manual labor. Due to this reason, occasionally, the solar facilities clean the mirrors partially to
minimize the cost of cleaning and maximize their return on investment (ROI), as shown in
Figure 3-1.

Figure 3-1 The Ivanpah Solar Power Facility, a utility-scale facility located in California near the southern
Nevada border. The unwashed mirrors in the back look white due to dust deposition, whereas the clean ones look
blue. The return on investment was higher when the mirrors were partially cleaned, due to the high cost and
manual labor involved in cleaning with water.
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An example of such an utility-scale solar power generation facility is located in Boulder City,
Nevada (B1SF) operated by NV Energy [4], in partnership with Apple Inc. This single-axis
tracking, monocrystalline-silicon solar power facility can produce 150 MW of electricity, which
is sufficient to power 90,000 houses during peak summer days in southern Nevada, which
averages day temperatures in the range of 35oC to 41oC. B1SF uses an advanced Global
Positioning System (GPS) and smart sensors to track the position of Sun throughout the day in
order to achieve maximum power generation. The installation has almost 300,000 modules
spread over 800 acres of land. To clean the panels, B1SF facility uses water treated with a water
softener, followed by reverse osmosis. Due to the large land coverage, each module gets washed
2-4 times each year. Almost 60,000 L of water is required to clean all the panels just once, and
the estimated cost of cleaning is $150K to $160K annually. The wash model of B1SF is triggered
by soiling; that is, washing is economical when the losses from soiling reduce their power
generation revenue. In most utility-scale solar-power generation plants, dedicated soiling stations
are implemented along every few rows of solar panels. The soiling stations have two types of
solar panel setups, one that gets regularly cleaned and the other that collects dust. Solar panels
have electronic setups that measure the change in efficiency due to soiling or regular cleaning.

In order to clean solar panels efficiently, it is advantageous to study the dust composition since
the soiling rate due to aeolian dust varies seasonally across the U.S. During the past few decades,
many researchers have studied the composition of aeolian dust in different parts of the world [611]. In this paper, we focus on the southwestern U.S., specifically California, Nevada, and
Arizona, which are major sources of aeolian dust in the U.S, if not globally. The spatial and
temporal inconsistencies in this region can provide some advantages in understanding the climate
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of other semi-arid and arid regions throughout the world. In addition, these states also have the
highest mean solar irradiance annually in the U.S. In this study, the seasonal means were
computed to analyze the concentration of dust from the existing literature and the database of the
Interagency Monitoring of Protected Visual Environments (IMPROVE) network [5].

In this paper, we analyze and summarize the temporal and spatial distribution of dust in the
southwestern U.S. with focus on solar energy generation. We also compare the data from
IMPROVE with data collected from the local site. The study includes extensive statistical
analysis of the IMPROVE data from 12 rural locations in the three southwestern states in
comparison to data collected from local Las Vegas sites in Nevada. The methodology of our
approach and analysis can be used for other locations globally that are considered major sources
of dust. The approach used in this study did not discriminate dust samples from natural and
anthropogenic sources.

3.3 Methodology
Firstly, data were obtained from the IMPROVE database for 12 specific locations for the
southwestern U.S. in Arizona, California, and Nevada. These 12 sites were strategically selected
based on their geographical locations and proximity to utility-scale solar installations. Most of
these IMPROVE data collection sites are located inside the national parks and rural locations.
Based on the site location, there are more than two decades of data collected by IMPROVE. For
this study, only recent data was selected from the year 2012 – 2016, averaged seasonally.
Secondly, dust samples from the rooftop of our laboratory and nearby solar sites were collected
and analyzed.
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Particulate matter with aerodynamic sizes less than 2.5 µm in diameter is also known as fine
mineral dust (FD). Hand et al. measured the concentration of FD using the following equation
[11]:

FD = 2.20[Al] + 2.49[Si] + 1.63[Ca] + 2.42[Fe] + 1.94[Ti]

(1)

This approach does not distinguish dust from different sources, i.e., from natural and
anthropogenic sources [12].

The mass concentration of aluminum (Al), silicon (Si), calcium (Ca), iron (Fe), and titanium (Ti)
(in units of µg m-3) were determined using in-situ XRF analysis [11]. From the available data of
the IMPROVE network, the regional concentration of FD was computed for the 12 rural sites in
the three southwestern U.S. Additional details regarding these sites, seasons and the source of the
IMPROVE database can be found in the supplementary information section.

Study of aeolian dust and suspended PM in the rural, remote, and urban environment can help
with making well-informed judgments when selecting the cleaning techniques and surface
coating materials to be used for solar panels, based on the geological location. The
characterization of PMs below 10 µm is crucial because the Van der Waals forces are stronger
between smaller particles and the panels' surfaces, making them harder to remove

3.3.1 Dust Samples from the Laboratory
To develop a well-planned approach to dust mitigation, it is important to characterize the aeolian
dust that directly or indirectly affects solar power generation. Many researchers have studied the
effects of dust on solar panels in outdoor installations [13, 14]. Moreover, it is important to
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understand the chemical composition of these dust depositions and their size distribution.
Collection of dust samples are quite tricky and need to take into consideration the constant
movement of winds at high velocities.

Figure 3-2 Dust collection methodologies for the laboratory experiments.

To collect local dust samples for this study, simple microscope slides were used, which were
prepped and cleaned using soap and water followed by ethanol and deionized water rinse. A
piece of a cleaned silicon wafer was mounted on each glass slide to allow scanning electron
microscope (SEM) characterization. The uncovered portion of the slide was used for optical
transmission characterization. An additional larger piece of the silicon wafer was mounted on
some of the slides to allow electrical characterization experiments not reported in this paper. For
the ease of making the extensive calculations involved, the dust deposition was assumed to be
uniformly distributed on the glass and the silicon wafer for each slide. As shown in Figure 3-2, in
order to collect the maximum amount of dust, the slides were placed almost 2 m high up in the
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air, on the laboratory rooftop, with an approximate angle of 0o with respect to the ground.
Attempts to place the glass slides at a 45o angle was not very successful for dust collection,
mainly due to high wind velocities and smaller surface area of the glass slides compared to the
actual solar panels.

3.4 Results and Discussion
3.4.1 Correlation of PM2.5 and PM10 for the Southwestern U.S.
Analysis of the raw data acquired from IMPROVE sites used JMP® (SAS Institute Inc.), an
interactive statistical software used by many industry professionals to analyze big data. Figure
3-3 indicates the seasonal trend in FD concentration in µg m-3 for IMPROVE sites between 2012
and 2016. This figure also shows the selected location chosen for the study, which means that the
FD concentration changed not only with the location but also seasonally. Details regarding the
site codes, latitude, longitude, and elevation can be found in the supplementary information
provided as part of this paper. As shown in Figure 3-3, the mean PM concentrations in µg m-3 for
Fresno, California were significantly higher compared to other sites.
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Figure 3-3 (a) Distribution of mean fine mineral dust (FD) in µg m-3 seasonally for IMPROVE sites and (b)
location of selected IMPROVE sites.

During the period chosen for this study (2012-2016), the southwestern U.S., especially
California, suffered from severe drought [15]. Even though the drought was gradual over a
period of a few years, the influence of drought on rising PM and FD concentrations are
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considered realistic. Additionally, the higher rate of forest fires fueled by the severe drought
increased the concentration of dust. The forest fires added more PM to the aeolian dust and
hence increased the overall dust deposition in these locations, similar to Fresno, California.

The seasonal correlation using data from the IMPROVE network show that the dust influx was
lowest during the winter and highest during summer months for Nevada. Figure 3-4 shows the
seasonal trend in the average concentration of PM10, PM2.5, and coarse dust (CD = PM10-PM2.5)
in µg m-3 from 2012-2016.

Figure 3-4 Mean dust concentration by season for the selected IMPROVE sites in the southwestern U.S. (20122016).
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Previous studies have shown that dust can interact chemically with the solar panel surface and
can degrade the surface of the glass [16, 2]. The B1SF Facility discussed previously has
documented evidence that cleaning becomes harder after precipitation of a light rain, which
causes a mud-like formation on the panels. In addition, SunPower’s solar panels in some other
locations suffer from an aggravated situation of sticky mud due to the presence of agricultural
lands nearby. The proximity to agricultural land increases the clay in the dust, and the plasticity
of the clay increases after reacting with water [17]. B1SF also found that dust tends to be stickier
near agricultural lands. The sticky clay mess dries on the panels, making them harder to clean.

The damage to the glass surface was aggravated by the presence of high humidity and alkaline
earth materials in the aeolian dust of this region. This causes irreversible damage on the glass
surfaces of the solar panels, creating several concave areas on the surface; this affects the way
that light interacts with the electronic components beneath the glass surface. The decrease in
intensity of sunlight entering the solar panels due to the damaged glass surface reduces the
efficiency of solar energy conversion.

Figure 3-5 plots the relative concentration of sodium (Na), calcium (Ca), and iron (Fe) observed
in the 12 IMPROVE network locations over three states, California, Nevada, and Arizona.
Locations closer to the coastline had a higher concentration of Na due to the presence of sea salt
(NaCl) in the aeolian dust. For Nevada, calcium and iron deposits predominated due to the
presence of metamorphic rocks. The concentration of Na was higher for a few sites in California
due to their proximity to the shoreline. Similar to Nevada, dust samples in Arizona had a higher
concentration of Ca and Fe. The seasonal trend illustrated by the IMPROVE network data was
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comparable to the existing literature on studies during which researchers extracted dust from the
solar installations.

AZ

NV

CA

Figure 3-5 Ternary diagrams showing the mean relative data for sodium (Na), iron (Fe), and calcium (Ca) for
Arizona (AZ), California (CA) and Nevada (NV).

3.4.2 Mineralogy, Dust Chemistry, and Particle Size of Locally Collected Dust
Samples
A field-emission scanning electron microscope (SEM) was used to inspect the dust samples
collected on the glass slides over various periods of exposure time. This SEM was equipped with
energy-dispersive X-ray spectroscopy (EDS) system. A magnification of 35X and 80X was used
to examine the samples.

The higher magnification (80X) images revealed the distribution of pollen over the samples
(Figure 3-6). The concentration of pollens was almost negligible for the samples that
encountered precipitation. These results align with observations by Appels et al [18]. In addition,
dry mud patches were observed on the glass samples after a light sprinkling of water drops.
Deionized water was used to clean these mud patches; however, they were quite hard to remove
65

without damaging or scratching the glass slides. Unlike solar panels or mirrors in open places,
our samples rarely had bird droppings.

Figures 3-6 (a & b) and 3-6 (c & d) show SEM and EDS data, respectively, from one of the dust
samples from a microscope slide. The dust sample had PM of various shapes ranging from PM2.5
to PM10. The SEM surface topography (Figure 3-6a) of the sample indicates the variability of
dust distribution. The dust samples were collected during spring after two weeks of exposure to
the aeolian dust, using methods shown in Figure 3-2. The two SEM pictures were taken from two
different glass slides. The top SEM image highlighting spherical pollen was collected during
early spring and the SEM image with elongated pollen was collected during summer.
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Figure 3-6 SEM (showing pollen) and EDS data for the same dust sample collected outdoors.

An inbuilt EDS with the SEM was used for elemental analysis and chemical characterization of
the dust samples. The EDS data in Figure 3-6 shows the relative concentration of most of the
major elements in the aeolian dust, namely, iron, potassium, sand (silicon and oxygen),
magnesium, and aluminum. It is quite evident that the concentration of sand was highest.

The dust samples were collected in Las Vegas, Nevada, outside the laboratory, in an arid urban
location close to residential areas and highways. There always is an inconsistency factor from
sample to sample, yet, the concentrations of elements found in the dust samples mostly were
similar (± 20%) to the elemental composition of the upper continental crust [19]. The ratio of the
elemental compositions in the EDS data was different for dust samples collected in summer.
Further investigations showed that the concentration of pollen in the dust varied seasonally.
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3.5 Conclusions
The chemical and physical properties of dust deposition on solar panels in southern Nevada were
studied, and the relative elemental compositions were compared of aeolian dust, along with the
PM2.5 and PM10 concentrations from IMPROVE database. Statistical toolbox JMP (a predictive
modeling software) analyzed the available IMPROVE data from 2012-2016 for 12 geological
sites in the southwestern U.S. The statistical analysis highlighted how the composition of PM2.5
to PM10 changes over the four seasons. Analytical tools, such as SEM and EDS were used to
study the dust particles. The SEM data showed varying degree of nonuniformity among the PM
sizes ranging from 2.5 – 10 µm. The EDS data showed a higher concentration of silicon, oxygen,
and iron with other trace elements.

Ideally, the relative composition of soiling on solar panels should be comparable to the PM
concentration because of a similar source. However, soiling was affected by several other
factors, such as the wind trajectory, precipitation, the local environment, and pollution; this made
an ideal comparison difficult. Also, the chemical composition of deposited dust exhibited a high
degree of spatial heterogeneity [19]. Currently, one of the main challenges is the non-availability
of a global database of PM concentration to compare dust soiling on solar panels with PM 2.5 and
PM10 concentrations worldwide.

Economically, solar installations can be more profitable if the cost of cleaning can be eliminated
or reduced. It is often a challenge to optimize the decision-making process to predict when to
clean the solar panels to achieve the best cost-efficiency benefit. Utility-scale solar installations
employ various cleaning methods to maximize the ROI. Some approaches have fixed dates to
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clean the panels annually and others have a soiling trigger cleaning plan, which has been found
to yield a higher ROI. However, a soiling triggered cleaning strategy for these installations
require an algorithm that has continuous input on the weather, precipitation, pollution, humidity,
and data from an onsite soiling station.

In order to understand the relationship between location, season, humidity, precipitation, and
human activity, a more comprehensive approach than currently used is required to monitor dust
concentration and distribution [13, 14]. Apart from data from the IMPROVE network, based on
sensors located in rural regions, data collected by remote-sensing weather satellites, and studying
the back trajectory, should be combined in the predictive algorithm. Many such models already
exist; for example, a model known as the Goddard Chemistry Aerosol Radiation & Transport
(GOCART) model simulates and compares global dust simulation for 16 sites worldwide. A
predictive algorithm combining relative analysis and comprehensive approach open up future
possibilities allowing an overall educated approach to dust mitigation. Such interdisciplinary
approach to the existing aerosol database (e.g. IMPROVE) and comparing it to the laboratory
test on the dust composition is the beginning of a future solution to dust mitigation for solar
panels.

In time, more dust samples would be collected and studied from more geological locations across
the southwestern U.S. Future work involves creating a global database by investigating dust
samples from various locations near present and future utility-scale solar power generation sites.
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4

Demonstration of Feasibility

4.1 Transparent Conductive Oxide (TCO)
Nano-crystalline transparent conductive oxide (TCO) have been used for various optoelectronic
applications such as plasma [1] screens, liquid crystal displays (LCD), solar cells, hydrophobic
coatings, photocatalyst [2] and spintronic [3,4] application. These TCOs such as zinc oxide
(ZnO), titanium oxide (TiO2) and zirconium oxide (ZrO) have received the attention of
researchers due to the ability to alter the properties for a given solid-state materials depending on
its application [5]. After carrying out an extensive study, ZnO was selected as the material for
implementation of the transparent conductive nanoparticles.

4.2 Zinc Oxide Structure and Properties
ZnO is one of the most commonly used TCO compared to TiO2 because of the crystalline
structure. ZnO is also a natural earth mineral known as zincite (Figure 4-1 below hexagonal
crystal structure). ZnO has a wurtzite structure compared to anatase structure of TiO2 as shown in
the Figure 4-2 below.
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Figure 4-1 Zinc oxide (a) Crude mineral form [6] (b) Synthesized in the lab [7] under Scanning Electron Microscope

Figure 4-2 ZnO - the atomic structure of wurtzite. White sphere - Anion, darkened sphere - Cation, and black line
projection of two bonds [8]

The ZnO wurtzite structure has Aa Bb Aa Bb Aa Bb... stacking sequence along the [0001] axis.
Wurtzite lattice constants c and a are related. The ratio between c and a is 8:3 or 1.633. The
internal parameter u is 3/8 or 0.375. Here, uc resembles to the length of the parallel bonds to
[0001] plane. For a wurtzite structure, the pairs of cation and anion are connected by dotted lines
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along the [0001] plane direction in Figure 4-2. The atoms are attracted to each other by
electrostatic force. The wurtzite structure is the most stable structure for ZnO in ambient
conditions [8].

Properties

Characteristics

Band gap (eV)

Direct wide gap bandwidth of 3.37 eV (room temperature)

Lattice

Wurtzite or Hexagonal structure (Figure 4-2)
a = 3.250

Lattice parameter (Å)
c = 5.205
Melting point (K)

2250 (thermal stability for varying temperatures)

Thermal conductivity (W cm−1 K−1)

0.6
a = 6.5

CTE (10−6 K−1)

c = 3.0
Electron mobility (cm2 V−1 s−1)

196

Saturation velocity (107 cm s−1)

3.0

Breakdown voltage (106 V cm−1)

5

Density (g/cm3)

5.6

Point of Zero Charge

8-9 pH
Table 4:1 Properties of Zinc Oxide [9]

The electrical conductivity of ZnO can be varied with the introduction of intrinsic doping. ZnO
has a band gap of Eg = 3.37 eV which can be widened up to 6.7 eV depending on the
concentration of doping [10]. Doping is a process that involves the s intentional introduction of
an impurity into a given sample in order to alter the properties of the sample [11]. The sample
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can be either doped with a p-type or an n-type impurity. The electrical conductivity of ZnO can
be varied with the introduction of intrinsic doping. For example; when ZnO is doped with
Manganese (Mn), some of the Zn2+ atoms are replaced by Mn ions. Along with improved
conductivity, doping can significantly increase the transparency and other surface properties. The
improved conductivity depends on the type of doping, ionic radius (compared to that of Zn) and
concentration of doping. In this study, we focus our attention towards Magnesium (Mg) and
Manganese (Mn) as dopants for ZnO.

4.2.1 Formation of Zinc Oxide
Various methods have been used to deposit ZnO, such as pulsed laser deposition (PLD) [12, 13],
sputtering [14-16], spray pyrolysis [17, 18], chemical vapor deposition (CVD) [19],
hydrothermally and sol-gel [1-5, 20-30]. While the physical deposition techniques are more
expensive, they provide superior material quality. Since cost is of primary importance for solar
energy generation, the nanoparticles eventually will have to be synthesized using a low-cost
chemical technique such as sol-gel. However, for project’s feasibility demonstration the UNLV
NanoSys system was initially being used to fabricate the transparent conducting nanoparticles.
The following is a brief description of the NanoSys.

4.3 Physical Vapor Deposition using Nanosys
4.3.1 Description of the Deposition System
The NanoSys system (Figure 4-3) at the Nevada Nanotechnology Center at UNLV was used for
fabrication of nanoparticles of <10 nm (5% accuracy range) size of a variety of materials on
different substrates. NanoSys is a cluster tool consisting of a flexible nanoparticle deposition
source, an e-beam evaporation system, a magnetron DC sputter, and a plasma enhanced CVD
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(PECVD) unit. Thus, in-situ ohmic contacts can be formed without losing vacuum. NanoSys was
designed with CMOS compatibility in mind, thus making the tool suitable for large-scale
manufacturing.

Figure 4-3 NanoSys deposition tool for the fabrication of sputtered nanoparticle and nanoparticle-based devices

The schematics and a photograph of the PECVD deposition system are being described in Figure
4-4. The system was maintained at a high vacuum and the load-lock system was used to load the
substrate inside the chamber maintained at a high vacuum. The substrate holder had rotating
setup and a heating element that could the heat the sample up to 800ºC.
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Figure 4-4 Schematic diagram and photograph of Nanoparticle unit in NanoSys (reprinted with permission from
authors) [16]

The key components of the nanoparticle deposition unit are (i) the nanoparticle generating source
and (ii) nanoparticle size selecting quadrupole mass filter (QMF)

4.3.2 Nanoparticle Source
The nanoparticle source creates nanoclusters of materials that were being sputtered from a target.
The DC magnetron source can operate at higher pressure and sputtering rate. The source is
magnetron-based that has the benefit of a large cluster size range (5-50 nm). The nanoclusters
then flow through an aggregation chamber where nanoclusters of different dimensions merge to
form higher size clusters. Changes in power, gas flow rates, temperature and pressure can vary
the cluster size. The clusters were typically negatively charged thus making them suitable for
electrical manipulation as well as deposition on insulating substrates. The size of the
nanoparticles generated naturally follows a normal Gaussian distribution, as shown in Figure 4-5.
The Quadrupole Mass Filter (QMF) behaves like a bandpass-filter (BPF) to permit the passage of
only desired sized nano-particles. The QMF selects a specific value of the particle size (say, x1)
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from the normal distribution, which is represented by the thin slice around x 1 shown in Figure
4-4 below. The resolution of the QMF affects the width x.

Figure 4-4 Schematics of the Nanoparticle generating source. The Gaussian distribution on the top shows the
particle distribution of deposited particle Picture below- Quadrupole Mass Filter size selector quadruple rods.
(reprinted with permission from authors) [16]

Using NanoSys, the UNLV nanotechnology research group in the past decade has demonstrated
deposition of metals and compounds. Figure 4-5 (a) shows the FESEM scan of copper (Cu)
nanocluster sputtered on Aluminum - coated silicon wafer substrate without using QMF. Figure
4-5 (b) shows FESEM image and nanoparticles size distribution of a similar sample using QMF.
Image analysis software was used to analyze and report the histograms of the nanoparticle size
distribution for both cases. This approach was used to compare the features with or without
QMF. The distribution of the nanoparticles was normal and Gaussian with a peak radius of 5.53
nm for Figure 4-5 (a) and peak radius of 5.7nm (QMF size target was set at 5.45 nm). The

79

variation in size was among the range of ± 10% for QMF turned off and ±4.4% while using
QMF. This demonstrated that changes in parameters optimize the system for better performance.

Figure 4-5 FESEM image and size distribution of Cu nanoparticles with the QMF turned (a) OFF and (b) ON
(reprinted with permission from authors) [16].

4.4 ZnO Deposition
The load lock was used to insert the 2-inch Si wafer substrate inside the nanoparticle deposition
system. The vacuum in the deposition chamber was maintained steady at ~ 10-8 torr to prevent
oxidation of deposited particles. Then a predetermined mixture of Argon (Ar), Helium (He), and
Oxygen (O) was pumped inside the chamber. The plasma was generated by sputtering using Ar
gas. Helium acted as the agglomerating gas to generate nanoclusters of different size. O2 was
pumped in to enhance the electrical conductivity of the ZnO nanoparticles. High voltage plasma
was then activated in the sputtering unit under high vacuum. As explained before the QMF allow
the only size-selected nanoparticles and the size selection was being controlled using a computer.
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For the experiments, size variations of ± 10% were observed. The gate valve separating the
source and the substrate was then opened slowly allowing the flow of preselected size. Within
the system, the nanoparticles were carried to the substrate by the medium of He gas using the
degree of difference pressure. The nanoparticles discharged from the QMF were charged, thus,
an application of a bias voltage on to the substrate enhanced the overall rate of deposition.

The Figure 4-6 below shows the Zinc Oxide nanoparticles deposited using Nanosys system. The
size and the distribution of the ZnO nanoparticles were achieved using controlled deposition
from the target source.

81

Figure 4-6 Zinc Oxide deposited in Nanosys system

To analyze the distribution of deposited ZnO particles in the Nanosys system, we used Hough
transformation algorithm in MATLAB. Hough transform is an image processing algorithm that
uses a voting procedure to detect the shape and size of given objects. A circle Hough Transform
(CHT) is used to detect circular objects in imperfect images2. The distributions of the
nanoparticles are shown in the form of histograms in Figure 4-7 below. It can be clearly seen
from the histogram below that most of the deposited nanoparticles are below 10 nm in size. This
algorithm was also used for other SEM images of nanoparticles in Nanosys.

2

More about this process can be learned from - https://en.wikipedia.org/wiki/Circle_Hough_Transform
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Raw SEM image -ZnO nanoparticles
Algorithm detecting nanoparticles
Particle diameter distribution

Figure 4-7 Analysis of deposited ZnO nanoparticles using Nanosys using Hough transform algorithm in MATLAB

4.4.1 Charge Manipulation
Since the nanoparticles deposited in the Nanosys are charged, they provided a means to
demonstrate electrical manipulation. The nanoparticles were deposited on a thin SiO2 layer so
that the particles retain their charge. The deposited particles were next placed in an in-house
system that provides x-y manipulation at the nanoscale. A voltage was applied to a sharp probe
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which was brought near the surface and the probe was scanned to move the particles. The charge
manipulation setup is shown in Figure 4-8 below.

Figure 4-8 Equipment for electrical manipulation of charged nanoparticles

Observation under FESEM shows that the nanoparticles can be ordered using this technique as
shown in the project. For this dissertation, this was a confirmation that charged dust particles can
be electrically swept. More investigation in details is required for this study to understand the
process of movement of the charged particle as shown in Figure 4-9 below.
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Figure 4-9 Nanoparticles deposited on insulator for charge retention
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5 Low-Cost Chemical Synthesis
5.1 Sol-Gel Synthesis
The ZnO nanopowders synthesis via sol-gel preparation initially involves preparing of a colloid
solution (the sol) that gets converted to viscous gel form and eventually dried out in the oven to
form nanopowders. For ZnO nanoparticle synthesis, four different types of starting materials are
required. They are; precursor, solvent, catalyst, and stabilizer (not needed to manufacture
nanopowders). The zinc and other metallic dopant surrounded by reactive ligands added during
the process come mainly from the precursor solution. Either distilled water or alcohol such as
methanol was used as a solvent. The presence of catalyst ensures the hydrolysis and
condensation of the reaction. For our experiments, we used sodium hydroxide (NaOH) as the
catalyst. Other commonly used catalysts are and potassium hydroxide (KOH), ammonia (NH4)
and hydrochloric acid (HCL). The stabilizer was used to avoid prevent gelation of the sol. To
create nano-powders, the stabilizer is not used, and the gel is then dried in an oven, and grind to a
fine powder using pestle mortar.

Many factors can affect the sol-gel chemistry, such as pH, solvent, temperature, time, catalyst,
stabilizer and agitation as shown in Figure 5-1 [13].
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Figure 5-1 Graphic representation of the different synthesis techniques using the sol-gel technology [11]

The synthesis of ZnO nano-powders involves the reaction between the metal salt in the water or
alcohol medium with hydroxides. The zinc metal oxide nanoparticle nucleation process occurs
by precipitation. The reaction is described as shown below [5, 14]:

ZnX2 + 2NOH -> ZnO (s) + 2N+ + 2X- + H2O
For the experiments in this work, X can be acetate (CH3COO) - or nitrate (NO3)-. The N is the
cation such as sodium (Na) or potassium (K). For the growth of the ZnO nanopowders, the
hydrolysis solution is added to the zinc solution to maintain the precursor solution supersaturated
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with excess zinc ions. Many researchers such as S. Shanmugan et al [15] and like did their
experiments by adding the zinc solution slowly to the hydroxide catalyst to provide a continuous
alkaline environment during the synthesis.

5.1.1 Doping
Introduction of manganese (Mn) intensifies the defect sites in ZnO that increases the presence of
free electrons and hole [2]. Mn doping changes the band gap of ZnO and increases the oxygen
vacancies in the wurtzite crystal lattice. The concentration of interstitial vacancy defects depends
on the amount of doping. Mn-doped ZnO enhances the conductivity of the ZnO and can be used
for the application of thin films for solar cells. An ionic radius of Mn2+ ion is 0.66 Å which is
comparable to that of Zn2+ ion (0.60 Å).

When doped with magnesium (Mg), the band gap of ZnO increases with the increasing amount
of Mg doping. The properties of Mg-doped ZnO can be controlled at varying temperatures due to
the similarities in their ionic radii -> Mg2+ (0.57 Å) and Zn2+ (0.60 Å). The lattice constants of
doped ZnO do not change significantly when Mg2+ ion replaces Zn2+ ion in the wurtzite structure
[16, 17]. In addition, studies have shown that dopants like Mg2+ can increase the band gap of
ZnO up to 4.0 eV [18, 19].

5.2 Transparent Hydrophobic Nano-coating synthesis – Doped ZnO
5.2.1 Precursor Preparation
Zinc Acetate Di-hydrate (Zn(CH3COO)2·2H2O, 99.99% purity), Manganese acetate tetra-hydrate
(Mn(CH3COO)2·4H2O, 99.99% purity) and Diethanolamine (HN(CH2CH2OH)2, 98.0% purity)
were all purchased from Sigma Aldrich (now known as Millipore Sigma). The methanol
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(CH3OH, 99.9% purity) used for the experiments were also bought from the same company. All
the materials were used without any further purification process.

Mn-doped ZnO sol solution was synthesized by co-precipitation method. Zinc oxide was doped
with 5 at. % Mn and 10 at. % Mn respectively in an alcoholic medium. The precursor solution
was made by using magnetic stirrer at 60°C and 500 rpm for 30 minutes containing 50 mmol of
Zinc Acetate Di-hydrate (Zn(CH3COO)2·2H2O) and 2.4 mmol of Manganese acetate tetrahydrate (Mn(CH3COO)2·4H2O) in 200 ml methanol. 50 mmol of Diethanolamine (DEA),
(stabilizer) was added dropwise to the solution while constant stirring at 500 rpm at 60°C. The
molar ratio of Zn2+ and DEA was maintained at 1:1 ratio throughout the synthesis. The
transparent amber color liquid was stirred at 60°C and 500 rpm for 1 hour (Figure 5-2). The
amber colored solutions indicate that the transition metal Mn was being incorporated into the
ZnO lattice.
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Figure 5-2 Change in ZnO sol color with changes in Mn doping

Two approaches were taken to make transparent hydrophobic coatings of ZnO (both doped and
undoped). They are dip coating and spray coating. Table 5:1 below compares the two processes
to make uniform films.

Factors
Instrument’s capital cost
Uniformity

Dip coating
Cheaper

Spray coating
Costlier

Very uniform based on the speed of Chances of manual errors, the
extraction

uniform of automatic systems

Time

Masking is time-consuming

Faster turn around

Substrate size

Ideal for small size samples

Ideal for large size sample

Reliability and Quality

Lower

Higher

Table 5:1 Dip coating vs. Spray coating
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5.2.2 Dip Coating
Dip coating is one of the oldest and cheaper methods used for wet chemical thin film deposition.
Back in 1939, Jenaer Glaswerk Schott & Gen. patented this technology for silica films. During
dip coating, the substrate was dipped in the solution and withdrawn at a constant rate as shown in
Figure 5-3 below. The substrates are prepared by trimming microscopic glass slides and they
were cleaned using acetone, ethanol, and DI water in an ultrasonic bath. The substrates were
dipped in the prepared ZnO sol solution and were extracted slowly. The thin films were formed
by evaporation of the solvent. The excess solvent was dried by putting the sample in a heated
oven for 10 minutes at 120 °C. This process was repeated multiple times to form a thin coating
of ZnO on the glass substrate. The coated samples were allowed to dry in between coatings to
avoid film cracking from drying stress. The coated samples were then annealed in Argon (Ar) for
2 hours at 400 °C. The thin film deposited by dip coating was then cooled to room temperature
(25 °C) and characterized using the methods explained in the appendix.
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Figure 5-3 (above) Dip-Coating of clean substrates in stable ZnO sol (below) Viscous sol to solid thin film
formation in three steps aggregation, gelation, and drying [20, 21]

96

5.2.3 Spray Coating
An alternative to coating the substrate with transparent conductive oxide in place of dip coating
is spray coating. The glass substrate was thoroughly cleaned with acetone, ethanol and DI water.
The cleaned substrate was placed on a hot plate at a temperature of 150 ºC. The precursor
solution was loaded into the spray gun holder and the precursor was sprayed evenly on the
substrate evenly as shown below (Figure 5-4). The coated sample was then annealed at 400 °C
for 2 hours in an Ar environment. The thin film deposited by spray coating is then cooled to
room temperature (25 ºC) and characterized using the methods explained in the next chapter.

Figure 5-4 Spray coating clean sample with precursor solution from a distance

5.2.4 Sample Characterization
The FESEM Figure 5-5 below shows the surface morphology of spray coated vs. dip coated Mndoped ZnO. The spray coated sample shows the formation of the spherical cluster which is
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formed due to the process of nucleation and coalescence. This behavior of the liquid sol drying
as spherical cluster aligns with a phenomenon call Ostwald ripening process. In Ostwald
ripening, smaller cluster of sprayed sol coalesces over time to form a larger cluster. This is
because, thermodynamically, larger particles have lower entropy than smaller particles. The
spherical cluster grows bigger by consuming the smaller one. In case of dip coated samples, the
coverage is quite uniform with varying amount of surface roughness. The elemental composition
of the EDS scans shows the presence of Mn doping. From the XRD scans, it was clear that both
coatings result in the amorphous film rather than a crystalline one. It was also observed that
increase in Mn doping deteriorated the crystal quality of ZnO.

Spray Coating

SEM images for Mn Doped ZnO coating

Dip Coating
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EDS scan of Mn-Doped ZnO coating
XRD scan for Mn-Doped ZnO coating
Figure 5-5 Mn-doped ZnO sample showing changes in SEM and EDS for a dip-coating sample vs. a spray coating
sample

5.2.5 Hydrophobicity
The wetting of a solid surface by a liquid can be quantitatively measured using contact angle Ɵ.
An optical tensiometer was used to measure the contact angle of water for an Mn-doped ZnO
coated sample vs the uncoated sample. The reaction mechanism of hydrophobization of the
substrate is being illustrated in Figure 5-6 below. Elimination of water because of annealing in
between every coat causes the DEA to bond with the surface atoms of the MO2 structure (M is
the metal ions here like Zinc).
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Anneal

Figure 5-6 Hydrophobization of a metal oxide surface with Diethanolamine annealing the surface in between coats

The Figure 5-7 below clearly shows that the coated materials (right) have a contact angle with
water more than 90 degrees while the uncoated sample on the left has a lower contact angle with
water. The transparency of these Mn-doped ZnO coated samples were measured using the
UV/VIS V-6700 spectrophotometer.

100

Figure 5-7 Water droplets on coated vs. uncoated surface

The hydrophobicity varied with the number of the coating. The angle of contact of water on the
Mn-doped ZnO coating is shown below. The hydrophobicity increases with a number of coating
initially and then drops. The highest contact angle for water was around 75 º with coated sample
compared to 18 ° for water contact with the untreated sample surface. The samples were
measured using optical tensiometer for contact angle.
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Figure 5-8 Angle of contact of water with the Mn doped ZnO coated glass surface.

5.3 Synthesis of Doped ZnO
5.3.1 Magnesium (Mg) doped Zinc Oxide (ZnO)
5.3.1.1 Materials and Experiment
Zinc Nitrate Hexahydrate (Zn(NO3)2·6H2O, 99.99% purity), Magnesium Chloride Hexahydrate
(MgCl2.6H2O, 99.99%) and Sodium Hydroxide (NaOH, 97.0 % purity) were all purchased from
Sigma Aldrich (now known as Millipore Sigma). The deionized (DI) water and absolute ethanol
(200 proof, anhydrous, 99.5% purity) used for the experiments were also bought from the same
company. All the materials were used without any further purification process.
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ZnO nanoparticles were synthesized by co-precipitation method. To synthesize ZnO
nanopowders, two precursor solutions were made by using magnetic stirrer at 60°C and 500 rpm
for 2 hours separately. One containing 29.749 g (0.5 mol) of Zinc Nitrate Hexahydrate
(Zn(NO3)2·6H2O), in 200 ml DI water. Another solution contained 8.00 g (1 mol) of Sodium
Hydroxide (NaOH) in 200 ml of DI water (exothermic reaction). While both solutions were
heated at 60°C and stirred continuously for 2 hours, the mouths of the beakers were covered
using a para-film to prevent excess evaporation of DI water at raised temperatures. The NaOH
solution was then slowly added to the solution containing Zinc Nitrate Hexahydrate
(Zn(NO3)2·6H2O) with constant stirring at 500 rpm at 60°C. The solution post mixing was again
covered with parafilm and the solution was stirred at 500 rpm at 60°C for 2 more hours. The
color of the solution was milky white.

After two hours the solution was cooled to room temperature and was allowed to age for two
days. The aged solution was filled up in plastic centrifuge vials, up to 11-13 ml each. Each
sample was centrifuged at 4000 rpm for 10 minutes in between every wash and the supernatant
was discarded (Figure 5-9). The precipitate was then washed with distilled water and absolute
ethanol for 4 times and the doped nanoparticles were precipitated out. Washing the nanoparticles
helps to remove byproducts and excess NO32- or Na+ ions. The precipitates were then dried in air
at 120°C for 4 hours to obtain the pure white ZnO nanopowders (Figure 5-9). The nanopowders
were further ground using a pestle and mortar. The nanopowders were annealed in Argon (Ar)
atmosphere for 5 hours at 250°C and 400°C (Figure 5-9). The ramp up and ramp down
temperatures were 1 °C/min.
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Figure 5-9 Sol-gel synthesis technique for ZnO nano-powders- precipitation-> centrifugation-> solvent drying -> Ar
annealing

This method allows precipitation of ZnO nanoparticles and avoids precipitation of hydroxides if
the temperature is more than 60°C [22].

For Mg-doped ZnO, the weight of Magnesium Chloride Hexahydrate (MgCl2.6H2O) was varied
according to Table 5:2 shown below. To synthesize the precursor, Magnesium Chloride
Hexahydrate (MgCl2.6H2O) was mixed with the Zinc Nitrate Hexahydrate in the DI water
solution. The exact same procedure as for pure ZnO was followed to synthesize 5 at. %, 10 at. %
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and 15 at. % Mg-doped ZnO nanopowders. The details are shown in Table 5:2 below. The color
of this solution was milky white indicates the presence of zinc oxide nanopowders in the sol.

The atomic percentage of

Weight (g) of

MgCl2.6H2O

MgCl2.6H2O

0MgZO

0 (pure ZnO)

0.00

Zn1Mg0O

5MgZO

5

1.07

Zn95Mg5O

10MgZO

10

2.2588

Zn90Mg10O

15MgZO

15

3.5876

Zn85Mg15O

Sample name

Zn 1− x MgxO

Table 5:2 Atomic weight percentage of Mg in Zinc Oxide nanopowders

5.3.2 Characterization of Nanoparticles
The Figure 5-10 below shows the SEM image, EDS scan and XRD scan pattern for the undoped
zinc oxide. The FESEM image shows that the nanoparticle self-assembled into spherical micronsized structures. The Figure 5-10 below shows EDS spectroscopy of undoped ZnO shown in.
The EDS provides an elemental analysis of the composition of the ZnO nanopowders and the
data was obtained from by averaging values from different regions of the same sample.
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Figure 5-10 SEM, EDS and XRD scan of un-doped Zinc Oxide- 0MgZO

Figure 5-11 shows the surface morphologies of the Mg-doped ZnO. The roughness changes with
annealing and the sample annealed at 250 °C in Ar environment shows flower-like ZnO
structure. Annealing further at higher temperatures of 400 °C does make the surface morphology
of the nanoparticles less rough and smooth.
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EDS Images of Mg-doped Zinc Oxide

Ar annealed at 400°C

Ar annealed at 250°C

Non-annealed sample

SEM Images of Mg-doped Zinc Oxide

Figure 5-11 Comparison between Mg-doped ZnO (10MgZO) sample showing changes in SEM and EDS for
(a) non-annealed sample (b) Ar annealed at 250°C (c) Ar annealed at 400°C
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The XRD scan pattern shows the wurtzite crystal structure in doped similarly to undoped ZnO in
Figure 5-10. The wurtzite structure was observed for Mg-doped ZnO even though MgO have
rock salt crystal structure. Also, the scans below do not show any nitrate or zinc hydroxide peaks
as the nanoparticle precipitate was washed multiple times during centrifugation. According to the
studies published by Özgür [19], from the phase diagram, the dynamic solubility of MgO in ZnO
is less than 4 mol %. Lack of prominent peaks from Mg crystal in Figure 5-12 structure indicates
that Mg was being incorporated into the ZnO crystal lattice, possibly replacing some Zn2+ ions

Ar annealed at 250°C

Non-annealed sample

with Mg2+ ions [22, 23].
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Ar annealed at 400°C
Figure 5-12 XRD scan pattern for 10 at. % Mg-doped ZnO (10MgZO) (a) non-annealed (b) Ar annealed at 250°C
(c) Ar annealed at 250°C

For 15 at.% Mg doping in ZnO, the presence of Mg were identified at (2 2 2), (2 0 0) and (4 0 0)
planes showing weak diffraction peaks (Figure 5-13). Similar results were reported from a study
by Huang et al [24]. The presence of really small Mg peaks that get enhanced as the sample was
annealed at 250°C and 400°C under Ar environment (Figure 5-13). There were small shifts in
Mg peaks due to uniform strain caused by different ionic sizes for Zn2+ ions vs. Mg2+ ions [25].
For doping lower than 15 at. % of Mg, the absence of Mg XRD scan peaks indicates that Mg2+
ions are spread throughout the ZnO crystal and not gathered on the surface.

XRD scan patterns for 15 at. % Mg-doped ZnO (15MgZO)
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Non-annealed sample
Ar annealed at 250°C
Ar annealed at 400°C
Figure 5-13 XRD scan pattern for 15 at. % Mg-doped ZnO (15MgZO) (a) non-annealed sample (b) Ar annealed at
250°C (c) Ar annealed at 250°C
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Using the Scherer formula shown below, the atomic particle size (D) in nm was measured from
the XRD scan.

𝐷 =

𝑘𝜆
𝐵𝑐𝑜𝑠Ɵ

The λ id the X-ray wavelength in nm, Ɵ is the Bragg’s angle in radians, and k is a constant value
of 0.9. The most prominent peaks are listed below in Table 5:3. The XRD scan pattern from
Figure 5-12 also shows that all Mg-doped ZnO have a sharp peak for (0 0 2) plane. The Mg ions
did not change the original wurtzite structure of the ZnO with a preferential (0 0 2) c-axis
orientation of the ZnO crystals. For our experiments and the XRD scans of (0 0 2) peaks, it was
observed that increase in Mg doping improved the crystal quality of ZnO.

Crystal Indices
h

k

Size and peak location

l

m

D (nm)

2Ɵ (degrees)

0

1

0

6

2.81354

31.77891

0

0

2

2

2.6027

34.43036

0

1

1

12

2.47513

36.26496

0

1

2

12

1.91058

47.55356

1

1

0

6

1.6244

56.61515

0

1

3

12

1.47687

62.87597

0

2

0

6

1.40677

66.40015

1

1

2

12

1.37803

67.97112

0

2

1

12

1.35805

69.11153

0

0

4

2

1.30135

72.58707

111

0

2

2

12

1.23756

76.98768

0

1

4

12

1.18113

81.41116

0

2

3

12

1.09275

89.64601

Table 5:3 Prominent Peak location for Zinc Oxide Wurtzite crystal structure

5.4 Summary
The experiments above demonstrated the feasibility of low-cost synthesis of doped and undoped
ZnO. The sol-gel approach was established for both transparent Mn-doped ZnO thin films with a
high degree of hydrophobicity and for Mg-doped nanoparticles with sharp peaks for preferential
(0 0 2) ZnO plane.
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6 Discussions and Recommendations for Future Work
Dust soiling on solar panel/mirror surfaces can cause loss of output power and can sometimes
cause permanent physical damage to the surface. Adverse effects and damages on solar
installations can vary with the composition of dust and geographical location. An extensive
literature search was carried out that confirm the potentially significant impact of this
dissertation research (chapter one). Even though various approaches have been taken in different
parts of the world to counter effects of dust soiling, a comprehensive and economic approach to
this issue was needed. The second chapter reviews the effects of aeolian dust and ways of
tracking deposition and movement of dust inter-continentally. The aeolian dust has been a
subject of interest for the researchers from the field of climate science, geology, and
meteorologist. It was perceived that information from their decade-long studies could be
implemented in the present study for dust mitigation and better economic cleaning strategy could
be established. The third chapter demonstrates the methods undertaken to collect, study and
elementally analyze dust. This was accompanied by statistical distribution using JMP of dust
over the four seasons (Spring, Summer, Fall, and Winter). This study was undertaken for the
three southwestern United States – Arizona, California, and Nevada. The relative concentration
of alkaline earth materials was also studied for each state. In the fourth chapter, we introduce the
concept of using transparent conductive oxides, ZnO as a modified coating material for the solar
panels/mirrors. The chapter describes the investigation and development of an effective method
to remove the electrically charged dust particles that accumulate on the panels. The panel
surface, when coated with an array of transparent nanoscale electrodes (ZnO) can electrically
charge and repel the dust particles off the surface. In this chapter, the feasibility of concept was
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demonstrated by controlled deposition of ZnO using our Nanosys deposition chambers. The
nanoparticles were studied for their size and distribution. The fifth chapter describes the
experimental steps and methodology to create low cost, sol-gel transparent doped ZnO coating to
improve the bandwidth, transmissivity, and hydrophobicity of the coated substrate. The
substrates were coated using simple dip-coat and spray-coat techniques. Other techniques to
create ZnO nanoparticles were also successfully demonstrated. The different characterization
techniques such as FESEM, EDS, XRD, tensiometer, spectrophotometer and van-der-Pauw
techniques were used to study these samples.

The three important issue regarding aeolian dust and dust mitigation techniques for solar power
generation was addressed in this dissertation. All these issues are currently relevant to the
reduction in solar power output due to dust soiling. For the first issue, dust collected locally in
Las Vegas were studied, analyzed and reported.

For studies and understanding of how dust behaves under the influence of electrical charge, a
system was developed for the electrostatic manipulation of charged particles. Charged particles
were deposited on an insulating substrate using the NanoSys and the charge manipulation system
was used to demonstrate the feasibility of the technique. An important outcome of this research
project is that the charge manipulation technique can be modified to develop to achieve a
synthesis of ordered nanoparticles, which will be important for the implementation of highquality nanoparticle devices. Studies in this regard have been initiated and will be further
continued.
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For this dissertation, a technique was developed to fabricate of ZnO nanoparticle powder at low
cost that can be spray coated on solar panels. Further studies involve using a 3D printed cast to
hold the substrate in place during spray coating as shown in Figure 6-1 below. The blue piece is
the bottom and has slots for the bolts to be set into. The purple piece is the top and will hold the
rubber in place. The pink piece represents the rubber we will have to cut to make the gasket. The
rubber is inserted into the cast design to tightly hold the polyamide or glass substrate in place
when the substrate is coated with a spray gun. The sprayed circular substrate can then be placed
in the nanoparticle manipulation system holder perfectly as shown the Figure 6-1 below.

Figure 6-1 3D cast model for nanoparticle manipulation system
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7 Appendix
7.1 Equipment and Measurements
Various characterization techniques were used to study the synthesized samples and the dust.
The X-ray diffraction tool was used to evaluate the crystal structure and chemical composition of
the sample. Field Emission Scanning Electron Microscope (FESEM) was used to view the
structures of doped and undoped samples at higher magnification. The dust samples were also
seen under the FESEM. A FESEM gives a high-resolution 3-D image compared to a traditional
optical microscope. The Energy Dispersive X-ray Spectroscopy or EDS was used to analyze the
elemental and chemical composition of the surface and the bulk material. The Van Der Pauw
resistivity measurements were done to study the conductivity and resistivity of the thin films.
The UV Vis NIR Spectrophotometer was used to study the transmissivity and transparency of the
thin films.

7.2 X-ray Diffraction (XRD)
XRD is a characterization technique used for identifying the crystalline phase of a given
material. It is nondestructive analysis technique. It can be used to identify crystal structure, unit
cell dimensions, and chemical compositions. Wilhelm Röntgen discovered X-rays in 1895.
Studies that led to the invention of XRD tool predates back to 1912 when Max von Laue
discovered that crystalline substances act as 3-dimensional diffraction of X-ray wavelengths.

The XRD system generally uses a Copper (Cu) metal source that shoots high-speed electrons to
the sample. These electrons are converted to X-ray radiation after interacting with the sample
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and a sensor known as general area diffraction detector system (GADDS) detects X-ray. The tool
used for our experiments had a Cu Kα source and an X-ray wavelength of 1.54Å.

The source produces a series of parallel beams towards the sample, as shown in Figure 7-1
below. The picture below demonstrates the Bragg’s law, a distinct case of the Max von Laue
diffraction. The law represents that the difference in between lengths of the two beams is
proportional to the distance between two atoms in the sample. The detector GADDS measure the
intensity of the reflected beam at a different angle. The detector determines the intensity from the
2Ɵ angle spectrum (Figure 7-3).

Figure 7-1 Image representing the X-ray interaction with the sample- Bragg’s law

The position, intensity, and sharpness of the peaks define if the material is amorphous or
crystalline. The unit cell size of the crystal or grains can be found using the height, width and the
location of the peaks. Furthermore, these peaks can give information about the chemical
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composition of the material and presence of impurities or doping in the crystal. The same
elemental composition can have a different crystal structure. For example, the XRD scan (Figure
7-2) can detect the crystal structure changes between glass, quartz, and cristobalite whereas all
have same chemical composition – SiO2.
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Figure 7-2 XRD scan patterns from Glass, Quartz, and Cristobalite which have the same chemical composition SiO2
[1]

Figure 7-3 Bruker D8 Advance Vario high-resolution Powder X-ray Diffractometer with Cu kα source
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7.3 Field Emission Scanning Electron Microscopy (FE-SEM)
FE-SEM is an advanced microscope that uses focused electron beam instead of light to magnify
and see small topographic details on the surface of the sample (Figure 7-5). An SEM image
shows the surface images in 3D instead of normal 2D images from the optical microscope.
FESEM has a high-quality image resolution, low voltage, and stable observation system
compared to SEM. A FESEM can magnify up to 300,000 x with a high depth of field. FESEM
requires high vacuum during operation to avoid damage to the source filament. Sample
preparation depends on the type of material. As FESEM uses an electron beam, hence the nonconductive sample needs a thin coating of gold (Au) (Figure 7-4). In addition, the sample must
be able to sustain high vacuum and should be dry. We used a JSM 6700 FESEM with an EDS
add-on (Figure 7-5).
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Figure 7-4 Gold (Au) sputter coater for sample preparation [2]
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Figure 7-5 JSM 6700 FESEM equipped with an EDS system capable of elemental analysis [3]

7.4 Energy Dispersive Spectroscopy (EDS)
EDS is an analytical technique used to find the chemical composition and elemental analysis of a
sample. An EDS comes as an inbuilt add-on for the FESEM. EDS uses the X-ray generated from
the backscattered electrons when they interact with the sample. The qualitative EDS analysis
involves the identification of individual elements based on the peak intensity, height, width, and
position.

7.5 Van Der Pauw Resistivity Measurements
A four-point measurement system with four electrical leads attached to a square sample along a
straight line is the most common way of measuring the resistivity of a thin film. The leads are
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generally placed 1 mm apart from each other. In the conventional setup, current is fed from
contact 1 to contact 2 and voltage is fed across contacts 3 and 4 (Figure 7-6).

Figure 7-6 (a & b) Typical four-point resistivity measurement setup vs. (c & d) Van Der Pauw setup [4]

Van Der Pauw is an alternative resistivity measurement technique to the typical four-point
measurement system. Van Der Pauw can be used for any shaped sample to determine the
resistivity as long as it is uniform, and the thickness of the thin film is known (Figure 7-7). The
sample setup is shown in Figure 7-8 below.
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Figure 7-7 Preferred sample geometries for van der Pauw resistivity tests [5]

Figure 7-8 Laboratory setup for Van Der Pauw resistivity tests

7.6 UV Vis NIR Spectrophotometer
Spectrophotometry is a qualitative analysis technique that measures the reflection on
transmissivity properties of a material. This tool measures the net amount of light absorbed vs.
reflected for a given sample. For experiments related to the present work, this tool was used to
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measure the transparency of the ZnO coated glass samples. A UV/VIS V-6700
spectrophotometer by Jasco was used, which provided a better signal to noise ratio over the
given spectral range. The Figure 7-9 below shows the lab setup for our spectrophotometer.

Figure 7-9 Laboratory bench setup for UV/VIS V-6700 spectrophotometer

7.7 Optical tensiometer
The contact angle Ɵ is geometrically defined as the angle formed by the liquid at the
boundary/intersection of the solid surface. The contact angle is measured using Young’s
equation as shown below.

γsv = γsl + γlv cos θY
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θY is the Young contact angle. As shown in Figure 7-10 below, a small contact angle less than 90
degrees means the surface is more likely to be hydrophilic and for the higher angle the surface is
hydrophobic. A spherical shape of the liquid on a solid surface represents the minimum state of
the surface area and lower in entropy.

Figure 7-10 Contact angle for a different type of surface [6]

C-100 KSV contact angle meter was used to measure the contact angle which water makes with
the oxide coated surface to measure hydrophobicity or hydrophilicity.
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